Active control of sound radiation from a vibrating rectangular plate excited by a steady-state harmonic point force disturbance is experimentally studied. Control structural inputs are achieved by three piezoceramic actuators bonded to the surface of the panel. Microphones were implemented as error sensors in the radiated field, while the control approach was based upon a filtered-X version of the adaptive least-mean-squares (lms)algorithm. Both position and number of piezoceramic actuators were varied during the test to determine the effects on control authority. A variety of test cases were studied for controlling sound radiation due to a disturbance both on and off resonance. Results from these experiments indicate that piezoceramic elements provide an efficient method for distributed modification of structural response to attenuate sound radiation. In addition, the adaptive lms algorithm is shown to be an effective narrow-band controller, which in contrast to feedback approaches, requires little system modeling.
INTRODUCTION
Much research has been devoted to the study of adaptive control of structures in an effort to reduce the far-field sound radiation. Recent work has been devoted to the implementation of point force inputs to control sound radiation from plate structures.
•-3 In addition to the fact that point force inputs can sometimes lead to "control spillover," physical limitations are imposed due to the nature of the hardware necessary in implementing the control (i.e., shakers capable of providing the necessary control must be physically attached to the structure and often require additional reaction mounting). Recent analytical studies have suggested a piezoelectric actuator as an alternative control input in order to overcome some of these disadvantages. 4-7 Piezoelectric actuators can be bonded directly to the structural surface or embedded in the material, becoming an integral part of the system. At this point, the structure can be labeled an adaptive structure since the actuators enable the alteration of system states or characteristics in a controlled manner. 8 Crawley and de Luis, 4 Bailey and Hubbard, 5 and Fanson and Chen 6 have all investigated structural control with the use of piezoelectric actuators. Recent analytical studies have been devoted to controlling sound radiation from flat plates with piezoelectric actuators. 7'9 In addition, Fuller et al. experimentally studied the control of sound radiation from a simply supported rectangular plate with a single piezoelectric actuator as the control input. 1ø In that study, control of far-field sound was achieved by "modal suppression," meaning that during control, all of the modal amplitudes were reduced. The alternative to modal suppression is "modal restructuring." In modal restructuring, the modal amplitudes can increase; however, the residual structural response has a lower overall radiation efficiency leading to a reduction in far-field sound levels.
• As an extension to the work conducted by Fuller et al., •ø the present study considers distributed control of the structure, utilizing up to three piezoelectric actuators as control inputs, in conjunction with an advanced adaptive controller. In the present work, the control approach was based upon a filtered-X version of the adaptive least-mean-squares (lms) algorithm, and microphones located in the radiated field were implemented as error sensors. In conducting the tests, a variety of cases were studied for controlling sound radiation due to a disturbance both on and off resonance. In addition, the number of control channels and position of control actuators were varied to illustrate the advantages of distributed control. Based on results of these experiments, piezoelectric actuators are demonstrated to provide an efficient method for distributed control of structural response to attenuate sound radiation. In addition, the adaptive lms algorithm is shown to be an effective narrow-band controller, which in contrast to feedback approaches, requires a much lower degree of system modeling.
I. EXPERIMENTAL SETUP
Experiments were performed in the anechoic chamber at Virginia Polytechnic Institute and State University which has dimensions 4.2 X 2.2 X 2.5 m and a cutoff frequency 'of 250 Hz. The test plate, which was mounted in a rigid steel frame, was cut from steel and measured 380X 300X 1.96 mm. The simply supported boundary conditions were achieved by attaching thin shim spring steel to the boundaries of the plate with small set screws and a sealing compound. The shims were then attached to the rigid steel frame, allowing the plate to bend relatively freely but restricting out of plane motion at the boundaries. Previous testing has shown that this arrangement adequately models the simply supported boundary conditions. •2 The test rig was placed in the anechoic chamber where it was rigidly Supported on a structure configured with a 4.2-m X 2.2-m X 19-mm wooden A modal analysis of each of the previously described plates was performed to extract the resonant frequencies and compare them to those computed from thin plate theory. As. evident in the results presented in Table I , the measured resonant f?equencies are within 1% for the modes presented. For future reference, a schematic of the mode shapes for a simply supported plate is presented in Fig. 3. A signal generator was used to create a harmonic disturbance and the signal was amplified to drive the shaker. The same signal was input as the reference of the controller. The control outputs from the digital to analog board were amplified separately. To obtain the necessary high voltage required by the piezoelectric actuators, a 17:1 voltage transformer was used to increase the amplifier output voltage. Due to the high impedance of the PZT, the input voltage could not be measured directly; however, it was measured on the input side of the transformer to assure that the actuators In the lms algorithm, the mean-square-error signal is defined by 
III. EXPERIMENTAL PROCEDURE
Experiments were conducted for both on and off resonance cases of the plates. Identical tests were performed on both plates such that results could readily be compared. In outlining the test procedures, only one plate will be discussed, realizing that the test procedures were uniformly applied to both plates.
For the on resonance cases, the panel was tuned for resonant response by driving the shaker near the resonance and varying the frequency while monitoring the response of an accelerator located at an antinode for the desired mode of the structure. The frequency corresponding to the maximum response was determined to be the resonant frequency. This procedure was performed each day a test was conducted to compensate for changes in resonant response due to slight fluctuations in ambient temperature, which was approximately 25.4 øC. Upon determining the resonant frequency of the (3,1) mode, the plate was driven with the shaker at a level resulting in acoustic radiation ranging from 60 to 80 dB (referenced to 20/•Pa) at a radius of 1.6 m from the plate.
The test procedure was identical for both the on and off resonance cases. Before applying control, the response of the array of accelerometers was measured and the acoustic field was traversed with a microphone to obtain the resulting directivity pattern. The signals of the accelerometers were used in the modal decomposition algorithm described in the Appendix. After obtaining measurements from the uncontrolled case, the filtered-X lms algorithm was invoked, and the plate was controlled via the piezoelectric actuators. Upon converging to the minimum acoustic response at each microphone, acoustic and structural measurements were obtained. After obtaining these measurements, the uncontrolled and controlled responses were compared for both the with little discernible differences while increasing the number of control inputs. The method of control was very similar whether using three control actuators or one as can be seen in Fig. 5 (b) . Modal reduction appears to be the dominant mechanism in achieving sound attenuation while modal restructuring is also evident as observed with the increase of the amplitude of the (2,2) mode upon achieving control. The modal response of the ( 1,1 ) mode was observed to increase as well; however, destructive interference occurred between the (1,1) and (3,1) mode as they were out of phase with respect to each other. The increased response of the (2,2) mode was of little significance since it is an inefficient acoustic radiator. The overall result is a reduction in the radiated sound pressure.
As a second case, plate 1 was driven well off resonance at 400-Hz implementing microphones at the same coordinates as in the previous test case and again increasing the number of control inputs from one to three. The acoustic response and modal response for this test case are presented in Fig.  6(a) and (b) , respectively. In contrast to the on resonance case, significant improvement in sound reduction is observed with increasing number of control inputs. While only C1,C2,-45,0,45  ......... C1,C3,45,0,-45   ....... C1,C2,C3,-45,0,45  ....... C1,C2,C3,4 .90o ,  ,  900  -90 o  ,  ,  ,  900  80  60  40  20  0  20  40  60  80  80  60  40  20  0  20  40 In discussing the advantages of implementing multiple channels for controlling sound radiation from the plate, the two cases previously presented will be considered. The first case presented in Fig. 5 corresponded to the resonant response of the (3,1 ) mode of the plate. In this experiment, little if any improvement in sound attenuation was observed when increasing the number of control channels. This result was expected since each piezoelectric actuator implemented in the control was observed to couple equally well to the plates 1 and 2 at a frequency of 400 Hz. Results from plate 1 were previously presented in Fig. 6 . In general, sound attenuation on the order of 30 dB was obtained when implementing three control actuators and error microphones. Results from tests conducted on plate 2 are presented in Fig. 7 . While significant attenuation was achieved at the microphone located at 0 ø, in general, global attenuation was observed to be poor (on the order of 0 to 5 dB). The most significant observation that can be made when comparing . the modal amplitudes of Figs. 6 and 7 is that the response of the (1,1) mode is negligible under control conditions for plate 1, while significant in the response of plate 2 under control conditions. This is an undesirable effect under control since this mode is an efficient acoustic radiator (i.e., spillover is occurring into an important mode). A high level of response of these modes can be attributed to the location of the piezoelectric actuators on plate 2 that are positioned to couple strongly to the ( 1,1 ) and (3,1 ) modes. As the actuators are on the plate horizontal centerline, they cannot strongly couple into modes with vertical symmetric components (theoretically totally decoupled).
However, as discussed in the companion paper •8 at around 400 Hz for this geometry of the plate, the (1,2) mode contributes significantly to the radiated energy. Thus the controller attempts, with limited success, to attenuate these radiation components by increasing the response of the ( 1,1 ) and (3,1 ) modes so that the combined structural response has a lower radiation efficiency. When three actuators are located off the midplane, as in plate 1, the control can now be achieved by directly attenuating most of the significant modal contributions and far higher levels of attenuation are achieved. Thus the location of the actuators is extremely important for effective and efficient sound reduction.
V. CONCLUSIONS
Active control of sound radiation from a vibrating simply supported rectangular plate excited by a steady-state harmonic point force disturbance has been experimentally studied. For on resonance cases, only marginal improvement in sound attenuation was achieved by increasing the number of control piezoelectric actuators. This result was not surprising since the acoustic response on resonance is usually dominated by one mode of the structure.
For the off resonance cases, the contrary was observed.
Increasing the number of control actuators was directly correlated with improvement in sound attenuation. In addition, the position of piezoelectric actuators on the plate was critical to obtaining the desired structural response in order to reduce sound radiation. Since the acoustic response results from a more complex interaction between structural modes for off resonance cases, increasing the number of control actuators provides a method for the controller to create the 'necessary response by optimally varying the phase and magnitude between actuators. In other words, a higher-order controller has more degrees of freedom in terms of structural response.
Based on results of this study, the adaptive lms algorithm is shown to be an effective narrow-band controller, which in contrast to feedback approaches, requires a much lower degrees of system modeling. The combination of multiple piezoelectric actuators with an adaptive lms algorithm provides the flexibility necessary in minimizing the acoustic radiation of a structure for both on and off resonance disturbances. In general, these trends seen in the experimental investigation agree well with those of an analysis of a similar arrangement. 7 Future work will be devoted to optimizing the location of the piezoelectric actuators for controlling structure-borne sound radiation. In addition, a companion paper studies the use of PVDF structural error sensors. TM
